Wild emmer (Triticum dicoccoides) is a progenitor of tetraploid wheat and currently grows in environments subject to abiotic stresses, including high salinity. Fifty-four genotypes originating from nine geographical populations in Israel, and five standard wheats (three durum and two bread wheats) were assessed for salinity tolerance using supported hydroponics. In this study, we summarize two key components that contribute to salinity tolerance: shoot growth in saline conditions relative to control conditions (relative dry weight); and Na + accumulation in leaves of salinised plants. An additional third component (shoot growth under control conditions) has an indirect role but is important for salinity tolerance in an agricultural context. Variability in these three components was high. Some genotypes showed high overall relative dry weight, having the ability to maintain growth in moderately saline solution, a low-to-moderate Na + accumulation, and high biomass production under control conditions. Genotypes from other populations had very high relative dry weight but grew very slowly, so were of limited agricultural relevance. Six selected genotypes possessing useful qualities for at least one of the tested components of salinity tolerance were re-analyzed, and a genotype from Gitit in the eastern Samaria steppes was identified as the most promising salt-tolerant line for further investigation.
Introduction
Cultivated wheat has only limited salinity tolerance, this being due mainly to the erosion of genetic diversity through a 'bottleneck' of genepool exploitation during the natural hybridisation of two diploid species (progenitors of the A and B genomes) some 0.36-0.5 million years ago (Dvorak and Akhunov 2005, Huang et al. 2002) . The domestication of tetraploid durum wheat, particularly through the modern agricultural practices of pure breeding, resulted in a severe loss of genetic diversity (Nevo 2004) .
By contrast, the wild progenitors and relatives of the Triticum genus are much more polymorphic and genetically diverse. The genepool of the wild species was probably enriched rather than reduced during hundreds of thousands of years of natural selection and evolution in the Mediterranean region, an area which is characterized by abiotic stresses such as high salinity. Wild emmer (T. dicoccoides), originating from Northern Israel, is a progenitor of all tetraploid wheat and displays a very high diversity in a range of abiotic stresses (Nevo et al. 1992 , 1993 , Nevo and Chen 2010 , Xie and Nevo 2008 .
A limited number of publications describing tolerance to salinity and Na + exclusion in the diploid species possessing the A genome (T. urartu, T. boeoticum and T. monococcum) report only small variations in Na + exclusion when the plants are grown under low-to-moderate salinity stress eg 50 mM NaCl (Gorham et al. 1991) . When subjected to higher levels of salinity stress (100 mM NaCl), 12 accessions of T. monococcum accumulated more Na + in the shoot, but there was also significantly greater variability in accumulation between accessions (Shah et al. 1987) . However, the greatest variability in Na + accumulation was found in our previous study of T. monococcum accessions treated with 50 mM NaCl, where there was more than a 50-fold difference between the best excluder and the highest accumulator. Only a 10-fold difference in the accumulation of Na + was found in T. urartu, which showed a moderate range of Na + content in the shoot (Shavrukov et al. 2006 (Shavrukov et al. , 2009 .
However, the diploid species and progenitor of the D genome, Aegilops tauschii, is very salt-tolerant. This species exhibits high Na + exclusion (Schachtman et al. 1991 , Shah et al. 1987 and is able to grow in 150 mM NaCl without showing any visual symptoms of salinity stress (Shavrukov et al. 2006 (Shavrukov et al. , 2009 . The A. tauschii accessions studied also showed a moderate range of sodium accumulation in the shoot. As a result of extensive screening of different accessions of A. tauschii for Na + exclusion, a number of lines with a wide range of Na + exclusion traits have been identified (Schachtman et al. 1991 , Shavrukov et al. 2006 , 2009 .
Cultivated tetraploid wheat accumulates higher concentrations of Na + in the leaves (Gorham 1990 but relatively low variability has been observed in salinity tolerance and Na + exclusion in durum cultivars (Munns et al. 2000, Munns and James 2003) , with less than a 1.5-fold difference in Na + accumulation (Shavrukov et al. 2006 (Shavrukov et al. , 2009 .
Polymorphism in Na + uptake relative to uptake into cultivar Langdon of durum wheat was found among 230 genotypes from 15 populations of wild emmer wheat, T. dicoccoides, in Israel (Nevo et al. 1992) . The results indicated: (A) Widespread genetic variation both within and primarily between populations in Na + uptake; (B) Remarkably, the xeric eastern and southern populations, characterized by a drier and hotter climate, displayed significantly less Na + uptake compared with the mesic western populations; (C) Ecological factors and allozyme markers explained up to 81% of the variance in Na + uptake. The conclusion was that T. dicoccoides harbors genetic resources for salinity tolerance that can be used in wheat improvement. This was reinforced in a later study (Nevo et al. 1993 ) when wild emmer wheat genotypes from eastern Samaria steppes were found to be ripening in the presence of 250 mM NaCl (about 40% of sea water).
There is a genetic background controlling the response of plants to salinity but, to date, no genes have been identified for salinity tolerance in durum wheat. The first relevant gene identified in wheat was Kna1 which controls the discrimination for uptake between K + and Na + . This gene was identified and mapped to the 4DL chromosome of bread wheat (Dubcovsky et al. 1996 , Dvorak et al. 1994 and is, therefore, absent from the AB genome of tetraploid wheats. Two genes for Na + exclusion were identified in durum line 149: Nax1 was localised on chromosome 2AL (Lindsay et al. 2004 ) and has been recently found to control the activity of a Na + transporter HKT1;4 (Huang et al. 2006) . The contribution of a second gene (Nax2), which was mapped onto chromosome 5AL, has been described recently as a homoeologous gene to Kna1 in bread wheat (Byrt et al. 2007 . Nevertheless, it has emerged that both the Nax1 and Nax2 genes in durum line 149 originated from the A genome of accession C68-101 of T. monococcum and are not present in modern durum wheat varieties (Byrt et al. 2007) .
Both geographical locations and micro-ecological environments have exerted strong selection pressures and resulted, through the long process of natural selection and evolution, in different responses to high salt stress. Some accessions adopt the strategy of avoiding or escaping salinity, having very rapid growth and a short vegetative period during rainy periods when salt is flushed into the deeper layers of the subsoil. Other accessions have a 'halophyte-type' development, where plants grow very slowly in both favourable and saline environments, giving such accessions the opportunity to minimize damage to cells and enzyme activity and, therefore, to survive and produce seeds for the next generation. These two strategies, and possibly others, are likely to be present in different populations of wild emmer, primarily those distributed in steppe environments where salt stress is prevalent (Nevo et al. 2002, Nevo and Chen 2010) .
In the present research, wild emmer genotypes from different geographic and ecological environments were studied with a focus on the relationships between growth habit/rate, relative dry weight (RDW) and Na + accumulation in a range of salt stress (100, 200 and 300 mM NaCl), compared with control conditions. It was established that the most salinity tolerant genotypes had high RDW and rapid growth (large shoot biomass production) under control conditions, and low-to-moderate Na + accumulation in leaves. Six genotypes of most interest were selected for further analysis and possible future crossing with modern durum wheat in order to improve salinity tolerance.
Material and Methods

Plant material
Seeds of wild emmer from nine populations across the geographic distribution of wild emmer in Israel (Fig. 1) , including five or six accessions of each, were provided by the Institute of Evolution, University of Haifa, Israel. As standards, three Australian commercial cultivars of durum wheat, Yallaroi (AUS-23825), Wollaroi (AUS-25926) and Kalka (AUS-33876), and two bread wheats, the Australian commercial cultivar Krichauff (AUS-27203), and the international salinity tolerant landrace, Kharchia-65 (AUS-21746), were used. Seeds of the durum and bread wheat standards were obtained from the Australian Winter Cereals Collection, Tamworth (Australia), and are publicly available using the AUS codes provided.
Growth conditions, experimental design and salt treatment
Seeds were germinated for four days at room temperature on moist filter paper before being transferred to a supported hydroponics setup. The supported hydroponics system used was as described earlier (Genc et al. 2007 , Shavrukov et al. 2006 , 2009 , except that tubs were used instead of individual tubes. The pH of the solution was maintained at 6.5-7.0. Plants were grown in rows with an equal distance (3 cm) within and between the rows. The order of the rows was randomised. At third leaf emergence, NaCl was added to the fresh growth solution twice daily in steps of either 25 mM (for final concentrations of up to 100 mM NaCl) or 50 mM (for final concentrations of 200 mM and 300 mM NaCl). In order to maintain constant calcium activity across NaCl treatments additional CaCl 2 was applied respectively to the growth solution as necessary. In control hydroponics, after 10 days growth the solution was replaced with fresh growth solution without any additional NaCl and CaCl 2 .
Measurements
Following ten days in elevated NaCl, the third leaf was harvested, leaf fresh weights and dry weights were recorded before the leaf was digested in 10 ml of 1% HNO 3 at 85°C for four hours using a Teflon hot-block (Environmental Express, USA). Concentrations of sodium and potassium were determined by flame photometry (Sherwood, UK, model 420, with a model 860 autosampler) and expressed as Na + concentration in the plant sap (tissue water basis) to allow direct comparisons to be made between concentrations of sodium in the leaf and the external solution. A second method of Na + measurement (Na + content per g of dry leaf) was used only for comparison between the two different methods of calculation of Na + accumulation in the second experiment. The shoot was collected separately, dried in an oven at 85°C overnight, and shoot dry weight (SDW) was calculated for each individual. The shoots of the control plants were individually harvested at the same time, dried and SDW recorded. Leaf water content (LWC) was calculated as: (fresh weight − dry weight)/fresh weight × 100% in the third leaf of each plant. For evaluation of salinity tolerance, we calculated RDW in shoot, which is a characteristic commonly used to measure salinity tolerance. SDW under salt treatment and in control conditions was recorded for each individual. RDW was calculated as the ratio between the average values for each accession: SDW (salt treatment)/SDW (control) × 100%.
Statistical analysis
The data for genotype analysis represent means ± standard error, with ten replicates for the first experiment, six replicates for the second experiment and four replicates for the third experiment. For geographic population analysis, the data for all replicates similarly represent means ± standard error for the ten replicates for the first, and six replicates for the second experiments. A standard Excel program and Sigma Plot 9.0 software were used for the calculation of average and standard errors, and regression analysis, respectively.
Results
Growth habit/rates of plants under control conditions (no salt added)
Initially, the growth of the wild emmer plants taken from different geographic populations was compared with that of five standard wheat genotypes under control conditions. The SDW of individuals was compared, and the data are presented in Table 1 (with further details in Supplemental Table 1 ). The growth pattern was found to be variable between genotypes of most of the geographic populations of wild emmer. Two populations (Mt. Gilboa and Gitit) comprised plants with a rapid growth habit (with the exception of one accession in each). By contrast, two other populations (Taiyiba and Daliyya) comprised plants with a slow or very slow growth rate. In all other populations there were plants with a growth habit ranging from rapid to very slow. These results indicate that most of the genotypes differ from each other in growth rate, with some exceptions. There is no correlation between the particular geographic origin of a population and a particular rate of plant growth under favorable control (non-saline) conditions. Experiment 1. Effect of moderate-to-high salinity (200 mM NaCl) on Na + and K + accumulation in third leaf
Measurements were made of the Na + accumulation in the third leaf to allow comparison between the wild emmer genotypes and the durum and bread wheat standards. These measurements were plotted against growth rate as represented by SDW in control hydroponics without added salt (Fig. 2) . No correlation was found between the two parameters, indicating only limited variability in Na + exclusion was found amongst the wild emmer plants (accumulation of between 116 and 226 mM Na + , about a 2-fold difference), with the exception of one genotype which accumulated 275 mM Na + . The growth of the wild emmer genotypes, however, varied significantly between 0.020 and 0.166 g of SDW per plant under control conditions (8.3-fold difference). Thus, wild emmer plants with quite different growth rates were found to accumulate similar concentrations of Na + in the shoot.
The three durum cultivars were similar to the wild emmer plants in terms of Na + accumulation, and showed similar biomass production to those wild emmer genotypes with the highest value of SDW. By contrast, the two bread wheat cultivars had high and very high SDW production and accumulated significantly less Na + compared with the wild emmer accessions (Fig. 2) .
A strong negative correlation was found between Na + accumulation in the sap of the third leaf and the K + /Na + ratio (Fig. 3) . The bread wheat standards (hexaploid genome) were quite different from both the wild emmer genotypes and the durum wheats (tetraploid genome). Krichauff and Kharchia-65 accumulated a very low concentration of Na + in the sap of the third leaf (26 and 78 mM, respectively) and had a significantly higher K + /Na + ratio (10.0 and 3.0, respectively), compared with the tetraploid wheats. Excluding the data for the bread wheat standards produced a simple negative linear correlation (R 2 = −0.798). The three durum wheat standards accumulated relatively high concentrations of Na + in the sap of the third leaf (ranging between 191 and 226 mM Na + ), with relatively low K + /Na + ratios (ranging between 0.81-0.63 units) (Fig. 3) .
Experiment 2. Na + and K + accumulation in third leaf, Leaf Water Content and Relative Dry Weight with very high salinity treatment (300 mM NaCl)
Two methods of calculation of Na + accumulation were used for data from this experiment and the results plotted (Fig. 4A) . The first method of calculation is based on the sap content of the third leaf, whilst the second method involved calculation of Na + content per g of dry leaf. A comparison of data derived from the two methods of Na + calculation gave an exponential relationship (R 2 = 0.986), indicating that genotypes showing the most divergence were those wild emmer genotypes accumulating a very high concentration of Na + . It is proposed that water loss from leaves in these plants as a result of very high Na + concentrations underlies this observation.
To test this hypothesis, the relationship between Na + accumulation and LWC was studied (Fig. 4B) . The data show that the wild emmer genotypes accumulating an extremely high concentration of Na + in the sap of the third leaf had the lowest LWC (oval symbol on Fig. 4B ), indicating that such genotypes lost significantly more water from the third leaf under conditions of applied salt stress.
When only those genotypes accumulating less than 600 mM of Na + were plotted (Fig. 4C) , there was a positive, The range of shoot dry weight (SDW) is presented for genotypes following 20 days of growth in control hydroponics (no added NaCl). Each value is the mean of six replicates ± standard error for accessions showing minimal and maximal average SDW. Fig. 2 . The relationships between Na + accumulation in the third leaf at moderate-high salinity stress (200 mM NaCl) and growth rate estimated as shoot DW (biomass production) in control hydroponics (no salt added). Data represented as: open circles-wild emmer genotypes; shaded circles-three durum wheat standards; and black circles-two bread wheat standards. Fig. 3 . Correlation between Na + accumulation in the third leaf and K + /Na + ratio at moderate salinity stress (200 mM NaCl). Data represented as: open circles-wild emmer genotypes and black circlesthree durum wheat standards.
linear correlation between the two methods of calculation of Na + concentration (R 2 = 0.811). Moreover, when genotypes with very high Na + accumulation (greater than 600 mM Na + ) were excluded, no particular association between Na + accumulation and LWC in the third leaf was apparent (Fig. 4D ). This indicates that water content in the leaf is not strongly related to Na + accumulation and may be determined by other factors.
Most of the durum and the bread wheat standards were at the top of the LWC distribution, indicating little loss of water from the sap of the third leaf. However, these standards accumulated variable amounts of Na + : in the low-tomoderate range for the bread wheats, and high for the durum wheat standards (Fig. 4D) .
The variability in RDW amongst wild emmer genotypes was very high (between 36% and 97%) (Fig. 5A) , with at least five wild emmer genotypes having more than 80% RDW. Three of these wild emmer genotypes originated from J'aba, one from Kokhav-Hashahar, and one from Sanhedriyya. The RDW for two durum wheat standards (Kalka and Wollaroi) and the bread wheat standard Krichauff were in the range 37% to 43%, these being lower values than for most of the wild emmer plants, and similar to those of genotypes from Kokhav-Hashahar, Taiyiba and Sanhedriyya. Kharchia-65 and Yallaroi had slightly higher RDW, at 51% and 56%, respectively.
No strong correlation was found between RDW and Na + accumulation in the third leaf (R 2 = −0.019) (Fig. 5A) . The wild emmer genotypes were distributed widely for both RDW and Na + accumulation. The wild emmer genotypes which were found to be most variable in RDW were from Kokhav-Hashahar (38%-88%), Sanhedriyya (40%-86%) and J'aba (59%-97%), whilst the most variable wild emmer genotypes in terms of Na + accumulation were from Mt. Gilboa (278 mM to 2.2 M), Mt. Gerizim (378 to 813 mM) and Gitit (317 mM to 1.5 M). The genotypes from Taiyiba Fig. 4 . The comparison of two methods of Na + accumulation measurement: in sap (tissue water based) and on a dry weight of the third leaf (A), and the relationship between Na + accumulation and water content in the leaf (B). Genotypes with very high Na + are indicated by the oval. The same data are then presented, but including only genotypes with maximum Na + concentrations of up to 600 mM in the sap of the third leaf (C and D, respectively). Data are represented as: open circles-wild emmer genotypes; shaded circles-three durum wheat standards; and black circles-two bread wheat standards.
were variable in both RDW and Na + accumulation (36%-77% and 371 to 1.2 M, respectively). Although both the durum and bread wheat standards had relatively low values of RDW, the durum wheat standards had higher and the bread wheat standards lower Na + accumulation.
Plotting the results for RDW against the growth habit/rate under control conditions revealed that many of the wild emmer genotypes with the highest RDW had the slowest growth and accumulated the smallest SDW per plant (Fig. 5B) . This was particularly so for plants from four geographical populations of wild emmer: one from J'aba, two from Taiyiba, and one from Daliyya. Very high variability was recorded for both RDW and SDW per plant in wild emmer genotypes. For example, the genotypes with a RDW of about 50% generally had a 4.5-fold difference in SDW (0.04-0.18 g), whereas the genotypes with a similar SDW (0.07 g) had RDW which varied from 36% to 97%. Although a moderate correlation is apparent from the plot (R 2 = −0.295), it is clear that the tendency is for a negative correlation between RDW and SDW per plant under control conditions.
No correlation was found between Na + accumulation in the third leaf and SDW under control conditions (data not shown). This means that plants with either rapid or slow growth under control conditions can accumulate a similar concentration of Na + in their leaves and, conversely, plants accumulating low or high Na + in leaves may have similar growth under control conditions. The K + /Na + ratio ranged widely from 1.32 to 0.11 units (data not shown), this representing almost an 11-fold difference, and was due mainly to the variability in Na + accumulation amongst wild emmer genotypes. Three durum standards had a very low score for the K + /Na + ratio (0.36-0.31 units), whilst Krichauff and Kharchia-65 had the highest and a moderate score for the K + /Na + ratio (1.32 and 0.69, respectively). A strong negative correlation (R 2 = −0.755) was found between the K + /Na + ratio and Na + accumulation in the third leaf.
Experiment 3. Six selected wild emmer genotypes: Na + accumulation in third and fourth leaves, Shoot Dry Weight and Relative Dry Weight with a range of salinity treatments (0, 100, 200 and 300 mM NaCl) and two exposure periods (10 and 20 days)
Six wild emmer genotypes (Fig. 1 ) from the previous experiment were selected for further study on the basis of having produced valuable results for at least one of the factors analyzed, including one genotype only from each of six separate geographic populations. Four of the populations (Gitit, Kokhav-Hashahar, Taiyiba and J'aba) are characterized by environments strongly affected by drought and salinity (xeric), the other two contrasting populations (Amirim and Daliyya) having relatively high rainfall (mesic) and low soil salinity (Nevo et al. 1992) . The aim was to ensure coverage in the experiment of the wide geographic and environmental diversity, and to include the best performing genotype to represent each population.
Four different salt treatments (0, 100, 200 and 300 mM NaCl) and two periods of exposure to salty hydroponic conditions (10 and 20 days) were used in order to gain an understanding of the plant response to salt in terms of both increasing NaCl concentration and duration of salt application. Control hydroponics (0 NaCl) was used for the RDW calculations only.
The results are presented with details in Supplemental Table 2 and also in Fig. 6 and Fig. 7 , which are related to Fig. 5A and 5B, respectively, of the previous experiment, to permit comparison of results from the two different experiments.
Plotting the distribution of Na + accumulation in the third leaf against RDW (Fig. 6 ) revealed that plants from Gitit accumulate minimal Na + in the leaf and generally have the highest RDW, whereas plants from Daliyya and particularly Amirim almost always accumulated high Na + and had lowest RDW. Considering all genotypes, there was minimal variation in RDW between salt concentrations and periods of exposure to salt. In contrast, the Na + accumulation was more variable between the studied genotypes.
Plants from Gitit grew at a relatively high rate under salt stress. Interestingly, plants from Taiyiba generally had a significantly higher Na + concentration, but a similar or even better growth rate compared with plants from Gitit. In general, a higher accumulation of Na + in the leaves is associated with a decrease in plant growth. . Relationship between Na + accumulation in leaf and relative dry weight in six selected wild emmer genotypes. A, B and C represent 10 days of salt exposure to 100, 200 and 300 mM NaCl, respectively. D, E and F represent 20 days of salt exposure to 100, 200 and 300 mM NaCl, respectively. Fig. 7 . Relationship between shoot biomass production and relative dry weight in six selected wild emmer genotypes. A, B and C represent 10 days of salt exposure to 100, 200 and 300 mM NaCl, respectively. D, E and F represent 20 days of salt exposure to 100, 200 and 300 mM NaCl, respectively.
The comparison of SDW under control conditions with RDW ( Fig. 7) reveals that plants from both Gitit and Taiyiba have the highest values following the shorter period of exposure to salt (10 days), independent of the NaCl treatment (Fig. 7A, 7B and 7C) . Following the longer period of salt exposure (20 days), wild emmer plants from Gitit consistently showed moderate production of SDW but higher RDW. The reverse situation (higher SDW and moderate RDW) was observed in plants from Taiyiba (Fig. 7D, 7E and 7F) . Plants from Kokhav-Hashahar had moderate SDW under control conditions across the experiment, but RDW was significantly reduced in response to longer exposure (20 days) across the range of NaCl treatments. The lowest SDW was observed in plants from J'aba and it is likely that the high RDW value recorded for these plants is associated with slow plant growth rather than with tolerance to salinity. Wild emmer plants from both Amirim and Daliyya showed moderate to high SDW production under control conditions but had the lowest RDW values in almost all treatments (Fig. 7) .
Discussion
Overview
Wild emmer genotypes are able to grow in environments subject to abiotic stresses (Aaronshon 1910 , Nevo et al. 2002 not as a result of breeding by humans, but due to the process of natural selection over hundreds of thousands of years (Dvorak and Akhunov 2005, Huang et al. 2002) . The variability of many of the traits possessed by such populations is enormous and represents a valuable range of diversity, for example, in salinity tolerance (Nevo et al. 1993) . By contrast, after a long history of human selection for grain yield and quality, cultivated durum and bread wheats have extremely limited variability in response to abiotic stresses such as salinity (Genc et al. 2007 , Munns et al. 2000 .
Salinity tolerance criteria
The necessary criteria for tolerance to salinity should include three factors: (1) A normal (or rapid) growth rate estimated as SDW biomass production under control conditions (Table 1 and Supplemental Table 1 provide data for the wild emmer genotypes). Wild emmer plants with a slow and very slow growth rate under control conditions are unsuitable for agricultural purposes and therefore in selecting for salinity tolerance; (2) High RDW is relevant for evaluation of salinity tolerance but needs to be considered in combination with a rapid growth habit; (3) Low-to-moderate Na + accumulation in leaves. The last factor can be variable but genotypes with high and very high Na + accumulation had an associated low LWC ( Fig. 4A and 4B ) and significant loss of water; it is very unlikely that salinity-tolerant plants could be identified from such groups of genotypes. For other genotypes there was no correlation between Na + accumulation and LWC (Fig. 4D) .
Variability in growth rates under control conditions is a clear indication of high diversity in wild emmer wheat, both between populations and within populations, and possibly is related to micro-geographic divergence as has been shown in several studies (Nevo 2004 , Nevo et al. 1999 , Selezsca et al. 2007 .
Na + accumulation was quite variable in the first experiment (Fig. 2) , but especially so in the second and third experiments (Fig. 4 and Fig. 6 ). Such variability in Na + accumulation is probably related to the significantly wide genetic diversity within and between genotypes and populations of wild emmer.
The least clear result related to the lack of correlation between RDW and Na + accumulation in the leaves (Fig. 5A and Fig. 6 ). These results differ from earlier published data of cultivated durum wheat growing in a range of salinities (Munns and James 2003) . Clearly, the relationships between these two factors (RDW and Na + accumulation) need further investigation. However, a similar lack of correlation between these two factors for a number of bread wheat cultivars has recently been published (Genc et al. 2007 ).
Relative Dry Weight, Na + exclusion, and growth in wild emmer RDW was also a very variable trait, but a negative correlation with SDW biomass production in control growth conditions (Fig. 5B) indicates that most of the wild emmer genotypes have high RDW due only to slow or very slow growth. It is quite likely that such wild emmer genotypes have either a poor or no mechanism at all for tolerance to salinity. A combination of two key factors (normal or rapid growth rate and high RDW) could provide evidence for genuine tolerance to salinity within wild emmer genotypes. Interestingly, our Na + exclusion results had a good consensus with previously published net 22 Na influx during 24 hours. For example, plants from Gitit, as well as other genotypes from xeric populations (Kokhav-Hashahar, Taiyiba and J'aba) in our experiments, accumulated less Na + in shoots, which correlates well with significantly lower net 22 Na + influx measured by Nevo et al. (1992) . In contrast, plants from both mesic populations (Amirim and Daliyya) generally accumulated higher Na + in shoots in our experiments, which also correlated with significantly higher net 22 Na influx (Nevo et al. 1992) .
The K + /Na + ratio in wild emmer plants was consistent in the first two experiments but is more likely to be related to the Na + component than K + exclusion or accumulation (Fig. 3) . Tetraploid wheat (including wild emmer) does not contain the Kna1 gene controlling the K + /Na + ratio as this gene is located in the D genome, and not present in the AB genomes. For this reason, and unlike bread wheat, neither wild emmer nor durum wheat have a mechanism to establish a high K + /Na + ratio. This was especially clear in the first experiment with a moderate-to-high (200 mM NaCl) salinity treatment (Fig. 3) where both bread wheat standards had a significantly higher K + /Na + ratio. However, in the second experiment with a very high salinity treatment, (300 mM NaCl) the variation in the K + /Na + ratio in wild emmer genotypes was wider than that for both bread and durum wheat standards. These results indicate that bread wheat is similar to some of the wild emmer populations in being unable to maintain the K + /Na + ratio when subjected to high salinity.
Best salt-tolerant populations and genotypes of Wild emmer
There was large variability across the different genotypes of T. dicoccoides in the three factors studied (growth rate/ SDW, RDW and Na + accumulation). Nevertheless, the most interesting genotypes which were identified to have high growth rate/SDW production under control conditions, high RDW and low-to-moderate Na + accumulation originated from the Gitit, Kokhav-Hashahar, Taiyiba and J'aba populations (one genotype from each population). These genotypes are clearly of interest for the study of tolerance to salinity but, as they have different responses to salt stress, these genotypes have different practical value when breeding for salinity tolerance in agriculture.
Conclusion
The most promising salt-tolerant genotype was from Gitit (genotype 18-16), located in the xeric eastern part of Samaria, in warm and dry steppes facing the southern Jordan valley. This genotype displayed the most optimal combination of the three factors studied, with rapid growth under control conditions (estimated as SDW), highest RDW, and low-to-moderate Na + accumulation in the leaf. The results from the current study support those previously published by Nevo et al. (1993) , where a wild emmer population from Gitit was described as one of the best following screening of salt-tolerant genotypes. One genotype from J'aba (23-20) had very slow growth under control conditions and was not, therefore, relevant for use in practical agriculture. Genotypes from the mesic populations Amirim (24-31) and Daliyya (29-34) had very rapid growth under control conditions but the lowest RDW and highest Na + accumulation. These results are very similar to previously published work (Nevo et al. 1992 (Nevo et al. , 1993 and can validate the proposition that it is very unlikely that salt-tolerant genotypes can be found in the northern cool and mesic geographic locations such as Amirim and Daliyya. By contrast, salt tolerant genotypes of T. dicoccoides should be explored in the xeric slopes facing the Jordan valley because of local variation genotypes exceeding those described here could be identified in these xeric marginal populations facing the Jordan valley.
Many of the wild emmer genotypes studied here also show high tolerance to drought (Peleg et al. 2008) . It can be speculated that, in some cases, there may be an interaction between the response to drought and salinity of these wild emmer genotypes. It may be that a combined tolerance for both drought and salinity stresses could occur in specific xeric eco-geographic locations of wild emmer, primarily in xeric populations facing the Jordan valley. Microclimatic divergence may play an important role in selecting for drought-and salt-tolerant plants. For example, in the 'Evolution Canyon' (Nevo 2009 ), sub-divided into contrasting tropical versus temperate slopes, the 'African' warm and dry slope selects for drought-tolerant xeric plants, and even for higher salinity tolerance in soil fungi (Selzska et al. 2007) . By contrast, the opposing 'European' humid and cool slope selects for more mesic plants that are more sensitive to drought and salt (Nevo et al. 1999) . These data indicate that variability exists even between local sub-populations of plants separated only by a few hundred of meters, but found in absolutely different ecological environments.
Wild emmer genotypes show high variability in tolerance to salinity (expressed as relative dry weight), growth habit/ rate and Na + accumulation. This variability is probably linked to a long natural evolution in environments with strong abiotic stresses, including high salinity. The xeric geographic locations and, more importantly, the microecological environments within each population, will determine the characteristics important for salinity tolerance that a genotype will possess. This may also be the case for tolerance to drought. Genotypes with favourable characteristics could be of use for breeding and improving the tolerance of wheat cultivars to high salinity (Nevo and Chen 2010) . Further detailed experiments focusing on the wild emmer genotype from Gitit could unravel the mechanisms of tolerance to salinity in T. dicoccoides. Such salt-tolerant accessions would be of particular use in wheat breeding programs.
